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(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 46 
etching, with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
trochromatography are performed in channels (26, 28, 
30, 32, 34, 36, 38) formed in the substrate. Analytes 
are loaded into a four-way intersection of channels by 
electrokinetically pumping the analyte through the in- 
tersection (40), followed by a switching of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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Description 

APPARATUS AND METHOD FOR PERFORMING MICROFLTJIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

This invention was made whh Government support under contract 
DE-AC05-S4OR2 1400 awarded by the U.S. Department of Energy to Martin Marietta 
Energy Systems, Inc. and the Government has certain rights in this invention. 

10 FltM ^ the invention 

The present invention relates generally to miniature instrumentation for 
chemical analysis, chemical sensing and synthesis and. more specifically, to electrically 
controlled manipulations of fluids in micrbmacJuncd channels. These manipulations can 
be used m a variety of applications, including the electrically controlled manipulation of 

15 fluid for capillary electrophoresis, liquid chromatography, flow injection analysis, and 
chemical reaction and synthesis. 

Backgroun d t he invention 

Laboratory analysis is a cumbersome process. Acquisition of chemical 
20 and biochemical information requires expensive equipment, specialised labs and highly 
trained personnel. For this reason, laboratory testing is done in only a fraction of 
circumstances where acquisition of chemical iiuormation would be useful. A large 
proportion of testing in both research and clinical situations is done with crude manual 
methods that are characterized by high labor costs, high reagent consumption, long 

25 turnaround times, relative imprecision and poor reproducibility. The practice of 
techniques such as electrophoresis that are in widespread use in biology and medical 
laboratories have not changed significantly in thirty years. 

Operations that are performed in typical laboratory processes include 
specimen preparation, chernicaVbiochemical conversions, sample fractionation, signal 

30 detection and data processing. To accomplish these tasks, liquids are often measured 
and dispensed with volumetric accuracy, mixed together, and subjected to one or several 
different physical or chemical environments that accomplish conversion or fractionation. 
In research, diagnostic, or development situations, these operations are carried out on a 
macroscopic scale using fluid volumes in the range of a few microliters to several liters 

35 at a time. Individual operations are performed in series, often using different specialized 
equipment and instruments for separate steps in the Drocess. Complications, difficulty 
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and expense are often the result f operations involving multiple laboratory processing 
steps. 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Conventional robotic devices have been adapted t 

5 perform pipetting, specimen handling, solution mixing, as well as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much training that their use has been restricted to a 
relatively small number of research and development programs. More successful have 
been automated clinical diagnostic systems for rapidly and inexpensively performing a 

10 small number of applications such as clinical chemistry tests for blood levels of glucose, 
electrolytes and gases. Unfortunately due to their complexity, large size and great cost, 
such equipment, is limited in its application to a small number of diagnostic 
circumstances. 

The desirability of exploiting the advantages of integrated systems in a 
15 broader context of laboratory applications has led to proposals that such systems be 
miniaturized. In the 1980*s, considerable research and development effort was put int 
an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of selective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 
20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately, biosensors have been a commercial disappointment. Fewer than 20 
commercialized products were available in 1993, accounting for revenues in the U.S. of 
less than $100 million. Most observers agree that this failure is primarily technological 
rather than reflecting a misinterpretation of market potential. In fact, many situations 
25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro^hemistry to minimize costly reagent consumption and waste generation, and 
bedside or doctor's office diagnostics would greatly benefit from immature integrated 

laboratory systems. 

In the early \99fft, people began to discuss the possibility of creating 

30 miniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific press. Calling them "miniaturized total analysis 
systems." or U u-TAS" he predicted that it would be possible to integrate into single 
units microscopic versions of the various elements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time. 

35 miniature components have appeared, particularly molecular scpaiatton methods and 
microvalves. H wever. attempts t combine these systems into completely integrated 
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systems have not met with success. This i. primarily because precise manipulation f 
^TJd volumes in extremely -arrow d-r^l«|^t-l-»~— 

^ One prominent field susceptible to miruaturuation is capillary 

electrophoresis. Capillary decttophoresis has become a popular technique for separating 
charged molecular species in solutioa The technique is performed « small capmary 
tubes to reduce band broadening effects due to thermal co.rvect.on and hence unprovc 
resolving power. The small tubes imply that minute volumes of materials, on the order 
of nanolitcrs. must be handled to inject the sample into the separation capillary tube. 

Current techniques for injection include electromigration and siphoning of 
sample from . container into a continuous separation tube. Both of these toques 
suffer from relatively poor reproducibility, and electromigration addiuonauy suffers ^ 
electrophoretic mobihty^ased bias. For both sampling techniques the input end oftne 
analysis capillary tube must be transferred from a buffer reservoir to a reservo.r holdmg 
the sample. Thus, a mechanical manipulation is involved. For the siphoning mj** * 
the sample reservoir is raised above the buffer reservoir holding the e»t end of the 
camllary for a fixed length of time. 

An dectromigration injection is effected by applying an appropriately 
polarised dectrietJ potemW .cross the coifory "be for . given duration "Wiethe 
Lance end of the capillary U in the wmple reservoir. This can tod to ^g b~ 
^T. disproportion^ Urge, aoanti* of the .pecie. with hgher dectrophoreu* 
mobilities migrate into the tube. The capUhry i, removed from the ™ 
replaced into the entrance buffer reservoir after tire injection duration for bo* 

,CCt "" qUH ' A continuing need exists for method, and apparatus which lead to 
improved electrophoretic resolution and improved injection stability. 

" 0fl ^rp^e n. uwention provides microchip Oratory system, and 
, method, *■» allow complex biochemical and chemical procedure, to be conduction . 
Irochip under electronic corn*. The microchip 1-on-ory s,«cms compn^M 
Til handling apparatus that transports materials through a system <* 
£Lra,cd channel, on. microchip. The movement of the mater,.!. a preosel, dtrec cd 
*e electric field, produced in the integrated channd, The P ™*rol 
5 of the movement of such material, enable, precise mixing, separation, and reaction as 
ncded to implement • desired bi chemical or chemical procedure. 



BNSDOCID: <WO 9604547A1J_> 



IP 

WO 96/04547 PCT/US95/09492 



The microchip laboratory system of the present invention analyzes and/or 
synthesizes chemical materials in a precise and reproducible manner. The system 
includes a body having integrated channels connecting a plurality of reservoirs that store 
the chemical materials used in the chemical analysis or synthesis performed by the 

5 system. In one aspect, at least five of the reservoirs simultaneously have a controlled 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channels provides exposure to one or more selected chemical r 
physical environments, thereby resulting in the synthesis or analysis of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of the reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials in the reservoirs are transported through the intersection^). In 
15 one embodiment, the microchip laboratory system acts as a mixer or diluter that 
combines materials in the intersection(s) by producing an electrical potential m the 
intersection that is less than the electrical.potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that dectrokineticauy injects precise, controlled amounts of material 

20 through the interscction(s). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for perf rming 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
a manner that enables the elcctrokinetic separation of a sample to be analyzed C*«« 
25 analyte") which is then mixed with a reagent from a reagent reservoir. Alternatively, a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resulting from the reaction can be electrokinetically separated. As such, the use 
of five or.more reservoirs provides an integrated laboratory system that can perform 
virtually any chemical analysis or synthesis. 
3Q fa yet anther aspect of the invention, the microchip laboratory system 

includes a double intersection formed by channels imerconnecting at least six reservoirs. 
The first intersection can be used to inject a precisely sized analyte plug into a separation 
channel toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner that provides additional control ver the size of the analyte plug. 
35 in addition, the electrical potentials can be controlled in a maimer that transports 
materials from the fifth and sixth reservoirs through the second intersection toward the 
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ft, mm*- ard.ow.rd the fourth reservoir ft- . -he* v.h,r.« rf^*"" 
^ fin, intersection b transported through Ac second iruersecuon tr^werd the fourth 
resovoir. Such control can be used to r^ the analyu: plug further down the .epamuon 
channei while enabling . second analytc plug to be injected through the fim mte™ 

, In another aspect, the microchip laboratory system ecu as a microchip 

flow control system to control the (low of material through an intersection formed by 
^ed chLLs connecting at leas, lour re™. H. mlcnxhip now am* 
Jem UmtmmM, applies . controUed electric, potential to .. less. three of the 
Avoirs ,»eh that the volume of mmsporte. from the first reservoir 

,0 second reservoir through the intersection is selectively coruroUed «** » «* 
movement a material from a third reservoir through the in.enec.ion. Preferab* the 
notorial moved through ,he third reservoir to selectively comrol the mm* transported 
from the first reservoir i, directed toward the same second reservoir as the materud from 
U,e first reservoir. As such, the microchip flow control system acts as a valve or a gate 

,S that sdecuvely controls the volume of material transported through the mtcrsecnon^ 
The microchip flow control system can also be configured to act as a dispenser ft. 
prevent, the tint material from moving through the intersection toward the second 
nxrwil after , selected volume of the Em material has passed through the mtersecoon. 
Ahemauvely, the microchip flow control syaem «» be configured to -"J*"* 

20 that mixes the first and second materials m the intersect™ m . manner .tat 
simultaneously transports the firs, and second materials from me intersect™ toward the 

second reservoir. „ m ^. -„ 

Other objects, advantages and salient features of the invention will 

become apparent from the following detailed description, which taken in conjunction 

25 with the annexed drawings, discloses preferred embodiments of the ir.vention. 

Tiripf nescrip f'^T nf the Drawing 

UDfT iffKHVi ^»»~ ~ - schemafic ^ of a preferrcd cmbodnneftt of the present 

.nvention; ^ ^ cnlargedf vcrti cal sectional view of a cliannel shown; 

Flgur c 3 is a schematic, top view of a microchip according to a second 
preferred embodiment of the present invention; _ 
Figure 4 is an enlarged view of the intersection region of Figure 3, 
Figure 5 are CCD images of a plug of analyte moving through the 
3 5 intersection of the Figure 30 embodiment; 



30 
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Figure 6 is a schematic top view of a microchip laboratory system 
according to a third preferred embodiment of a microchip according to the present 
invention; 

Figure 7 is a CCD image of "sample loading mode for rhodamine a 

(shaded area); . 

Figure 8(a) is a schematic view of the intersection area of the microchip 

of Figure 6, prior to anaryte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 

in Figure 8(a), after sample loading in the pinched mode; 

Figure 8(c) is a photomicrograph taken of the same area depicted in 
Figure 8(a), after sample loading in the floating mode; 

Figure 9 shows integrated fluorescence signals for injected v hime 
plotted versus time for pinched and floating injections; 

Figure 10 is a schematic, top view of a microchip according to a fourth 
15 preferred embodiment of the present invention; 

Figure 11 is an enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present rovention; 

Figure 13(a) is a schematic view of a CCD camera view of the 
20 intersection area of the microchip laboratory system of Figure 12; 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode; 

Figures 13(c)- 13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(a), sequentially showing a plug of anaryte moving away from the 
channel intersection at 1,2, and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two injection profiles for didansyl-lysine injected for 2s 

with y equal to 0.97 and 9.7; 

Figure 15 are electropherograms taken at (a) 3.3 cm. (b) 9.9 cm, and 
(c) 16.5 cm from the point of injection for rhodamine B Cess retained) and 

30 sulfbrhodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
electropherograms of Figure IS, showing variation of the plate number with., channel 
length for rhodamine B (square with plus) and sulforhodamme (square with phis) and 
sulforhodamine (square with dot) with best linear fit (solid lines) for each analyte; 

35 pigure 17(a) is an electropherogram of rhodamine B and fluorescein with 

a separation field strength of 1.5 kV/cm and a separation length of 0.9 mm; 



25 
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Figure 17(b) is an elcctropherogram f rhodamine B and fluorescein with 
aseparati nfield strength of 1.5 kV/cm and a separation length fl.6mm; 

Figure 17(c) is an elcctropherogram of rhodamine B and fluorescein with 
a separation field strength of 1.5 kV/cm and a separation length of 1 1 1 mm; 
5 Figure 18 is a graph showing variation of the number of plates per unit 

time as a function of the electric field strength for rtodaininc B at separation lengths of 
1.6 mm (circle) and 11. 1 mm (square) and for fluorescein at separation lengths of 1.6 
mm (diamond) and 1 1.1 mm (triangle), 

Figure 19 shows a chromatogram of coumanns analyzed oy 
10 electrochromatography using the system of Figure 12; 

Figure 20 shows a chromatogram of coumarins resulting from micellar 
electrokinetie capillary chromatography using the system of Figure 12; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 

system of Figure 12; 

15 Figure 22 is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally including a reagent reservoir and reaction channel; 

Figure 23 is a schematic view of the embodiment of Figure 20. showing 

applied voltages; . 

Figure 24 shows two elcctropherograms produced using the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboralo/y system according 
to a sixth preferred embodiment of the present invention; 

Figure 26 shows the reproducibility of the amount injected for argmine 

and glycine using the system of Figure 25; 
2S Flgur e 27 shows the overlay of three dectrophorctic separations using 

the system of Figure 25; . 

Figure 28 shows a plot of amounts injected versus reaction time using the 

system of Figure 25; 

Figure 29 shows an elcctropherogram of restriction fragments produced 

30 using the system of Figure 25; 

Figure 30 is a schematic view of a microchip laboratory system according 

to a seventh preferred embodiment of the present invention. 

Figure 31 is a schematic view of the apparatus of Figure 21. showing 
sequential applications of voltages to effect desked fluidic niamptilauons. and 
35 Figure 32 is a graph showing the different voltages applied to effect the 

fluidic manipulations f Figure 23. 
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Detailed De.« fflpfo" ofthr Jnvftntion 

Integrated, micro-laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fluid-borne material and 
subjecting the fluids to selected chemical or physical environments that produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, diffusion times 
and manufacturing methods for creating devices on a microscopic scale, miniature 
integrated micro-laboratory systems lend themselves to channels having dimensions on 
the order of 1 to 100 micrometers in diameter. Within this context, electrokinetic 
pumping has proven to be versatile and effective in transporting materials m 

microfabricated laboratory systems. 

The present invention provides the tools necessary to make use of 
electrokinetic pumping not only in separations, but also to perform liquid handling that 

IS accomplishes other important sample processing steps, such as chemical convcrsi ns r 
sample partitioning. By simultaneously controlling voltage at a plurahty of ports 
connected by channels in a microchip structure, it is possible to measure and dispense 
fluids with great precision, mix reagents, incubate reaction components, direct the 
components towards sites of physical or biochemical partition, and subject the 

20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 

analyzing or synthesizing chemicals. 

Such integrated micro-laboratory systems can be made up of several 
component dements. Component elements can include liquid dispersing systems, liquid 
25 mixing systems, molecular partition systems, detector sights, etc. For example, as 
described herein, one can construct a relatively complete system for the .dentmcati n of 
restriction endomidease sites in a DNA molecule. This single nucrofabn^device 
thus includes in a single system the functions that are traditionally performed by a 
technician employing pipettors, incubators, gel electrophoresis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the mixture is 
incubated, and a selected volume of the reaction mixture is dispensed into a separation 
channel Electrophoresis is conducted concurrent with fluorescent labeling of the DNA 
channel. fa ^ ] u m of . microchip Moratory system 10 

configured to implement an entire chemical analysis or synthesis. The laboratory system 
35 10 includes six reservoirs 12, 14, 16. 18. 20, and 22 connected to each other by a system 
of channels 24 micromachined into a substrate or base member (not shown in Fig. \\ as 
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discussed in more detail below. Each reservoir 12-22 is in fluid c mmunicatioo with a 
corresponding channel 26, 28, 30, 32, 34. 36, and 38 f the channel system 24. The first 
channel 26 leading from the first reservoir 12 is connected to the second channel 28 
leading from the second reservoir 14 at a first intersection 38. Likewise, the third 
5 channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is connected to the second intersection 40 by a 
reaction chamber or channel 42. The fifth channel 34 from the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a four- 
way intersection of channels 30. 32, 34. and 42. The fifth channel 34 also intersects the 
1 0 sixth channel 36 from the sixth reservoir 22 at a third intersection 44 

The materials stored in the reservoirs preferably are transported 
electrokinetically through the channel system 24 in order to implement the desired 
analysis or synthesis. To provide such eii^rokineUc tfanspori, the laboratory system 10 
includes a voltage controller 46 capable of applying selectable vohsige levels, including 
15 ground. Such a voltage controller can be implemented using multiple voltage dividers 
and multiple relays to obtain the selectable voltage levels. The voltage controller b 
connected to an electrode positioned in each of the six reservoirs 12-22 by voltage line* 
V1-V6 in order to apply the desired voltages to the material* in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, SZ, and S3 connected 
20 to the first, second, and third intersections 38. 40. 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of electrokinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for liquid chromatography. The present invention also 
25 entails the use of electroosmotic flow to mix various fluids in a controlled and 
reproducible fashion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material, functional groups at the surface of the tube can 
ionize. In the case of tubing materials that are terminated in hydrcxyl groups, protons 
wDl leave the surface and enter an aqueous solvent. Under such conditions the surfece 
30 wUI have a net negative charge and the solvent will have an excess of positive charges, 
mostly in the charged double layer at the surface. With the application of an electric 
field across the tube, the excess cations in solution will be attractoJ to the cathode, or 
negative electrode. The movement of these positive charges through the tube will drag 
the solvent with them. The steady state velocity is given by equation 1, 



35 
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where v is the solvent velocity, e is the dielectric constant of the fluid. I » the zeta 
potential of the surface, E is the electric field strength, and n is the solvent viscosity. 
From equation 1 it is obvious that the fluid flow velocity or flow rate can be controlled 
S through the electric field strength. Thus, electroosmosis can be used 85 a programmable 

pumping mechanism. 

The laboratory microchip system 10 shown in Figure I could be used for 
performing numerous types of laboratory analysis or synthesis, such as DNA sequencing 
or analysis, electrochromatography, miceUar clectrokinetic capillary chromatography 
10 (MECQ. inorganic ion analysis, and gradient elution hquid chromatography, as 
discussed m more detail below. The fifth channel 34 typically is used for dectrophoretoc 
or electrochromatographic separations and thus may be referred to in certam 
embodiments as a separation channel or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12. 14. For example. 
15 DNA from the first reservoir 12 could be mixed with an enzyme from the second 
reservoir 14 in the first intersection 38 and the mixture could be incubried in the reacti n 
chamber 42 The incubated mixture could then be transported through the second 
intersecuon 40 into the separation column 34 for separation. The sixth reservoir 22 can 
be used to store a fluorescent label that is mixed in the third intersection 44 with the 
20 materials separated in the separation column 34. An appropriate detector CD) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation column reaction m the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction m the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented manually in a conventional laboratory. In 
addition, the elements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratory procedures. 

The laboratory microchip system 10 includes a substrate or base member 
(not shown in Fig. I) which can be an approximately two inch by one inch piece of 
30 microscope slide (Corning, Inc. #2947). While glass is a preferred material. oAer sunilar 
materials may be used, such as fused silica, crystalline quartz, fused quartz. pUst.cs, and 
silicon (if the surface is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fused quartz is used to allow re atively high electric 
fields to be applied to electrokinetically transport materials through channels in the 
35 microchip. Semiconducting materials such as silicon could also be used but the electnc 
field applied w uld normally need to be kept to a minimum (approximately less than 300 
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volts per centimeter using present techniques of providing insulating layers), which may 
provide insufficient dectrokinctic movement. 

The channel pattern 24 is formed in a planar surface of the substrate using 
standard photolithographic procedures followed by chemical wet ettWng. The channel 
5 pattern may be transferred onto the substrate with a positive photoresist (Shipley 1811) 
and an e-beam written chrome mask (Institute of Advanced Manufacturing Sciences, 
Inc.). The pattern may be chemically etched using HF/NHJF solution 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding technique whereby the substrate and the cover plate 
10 surfaces are first hydrolyzed in a dilute NH^H/HjO, solution and then joined. The 
assembly is then annealed at about 500° C in order to insure proper adhesion of the 

cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are affixed to the 
substrate, with portions of the cover plate sandwiched therebetween, using epoxy r 

IS other suitable means. The reservoirs can be cylindrical with open opposite axial ends. 
Typically, electrical contact is made by placing a platinum wire electrode in each 
reservoirs. The electrodes are connected to a voltage controller 46 which applies a 
desired potential to select electrodes, in a manner described in more detail below. 

A cross section of the first channel is shown in figure 2 and is identical to 

20 the cross section of each of the other integrated channels. When using a noncrystalline 
material (such as glass) for the substrate, and when the channels are chemically wet 
etched, an isotropic etch occurs, the glass etches uniformly in all directions, and the 
resulting channel geometry is trapezoidal The trapezoidal cross, section is due t 
•undercutting" by the chemical etching process at the edge of the photoresist In one 

25 embodiment, the channel cross section of the illustrated embodiment has dimensions of 
5 2 urn in depth, 57 urn in width at the top and 45 urn in width at the bottom. In 
another embodiment, the channel has a depth "d" of 10pm, an upper width "wl" of 

90pm, and a lower width "w2" of 70pm. 

An important aspect of the present invention is the controlled 

30 electrokinetic transportation of materials through the channel system 24. Such 
controlled electrokinetic transport can be used to dispense a selected amount of material 
from one of the reservoirs through one or more intersections of the channel structure 24. 
Alternatively, as noted above, selected amounts of materials from two reservoirs can be 
transported to an intersection where the materials can be mixed in desired 

35 concentrations. 
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PitfP* Dispenser 

Shown in Figure 3 is a laboratory component 10A that can be useo t 
implement a preferred method of transporting materials through a channel structure 24A. 
The A following each number in Figure 3 indicates that it corresponds to on anal gous 

5 element of Figure 1 of the same number without the A For simplicity, the electrodes 
and the connections to the voltage controller that controls the transport of materials 
through the channel system 24A are not shown in Figure 3. 

The microchip laboratory system 10A shown in Figure 3 controls the 
amount of materia! from the first reservoir 12A transported through the intersect! n 40A 

10 toward the fourth reservoir 20A by elcctrokineticauy opening and closing access t the 
intersection 40A from the first channel 26A As such, the laboratory microchip system 
10A essentially implements a controlled electrokinetic valve. Such an electr kinetic 
valve can be used as a dispenser to dispense selected volumes of a sinjlc material r as a 
mixer to mix selected volumes of plural materials in the intersection 40A. In general. 

15 electro-osmosis is used to transport "fluid materials" and electrophoresis is used to 
transport ions without transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the term "material" is used broadly to cover any form of material. 

including fluids and ions. 

The laboratory system 10A provides a continuous urt directional flow of 
20 fluid through the separation channel 34A. This injection or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20A to remain at ground potential. This will allow injection and 
separation to be performed with a single polarity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4. The 
25 directional arrows indicate the time sequence of the flow profiles at the intersecti n 40A. 
The solid arrows show the initial flow pattern. Voltages at the va-ious reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such that all of the first 
material transported from reservoir 12A to the intersection 40A is pushed toward the 
30 third reservoir 18A. In general, the potential distribution wfll be such that the highest 
potential is in the second reservoir 16A. a slightly lower potential in the first 
reservoir 12A, and yet a lower potential in the third reservoir l&A with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20A is solely the second material from the second reservoir 16A. 
35 x dispense material from the first reservoir 12A threwgh the intersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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potential f the first reservoir 12A or the potentials at reservoirs 1 GA and/or 18 A, can be 
floated momentarily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the primary flow will be from the first reservoir 12A down 
towards the separation channel waste reservoir 20A The flow from the second and 
5 third reservoirs 16 A, 18A will be small and could be in either direction. This condition is 
held long enough to transport a desired amount of material from the first reservoir 12A 
through the intersection 40A and into the separation channel 34A After sufficient tim 
for the desired material to pass through the intersection 40A, the voltage distribution is 
switched back to the original values to prevent additional material from the first reservoir 

10 12A from flowing through the intersection 40A toward the separation channel 3 4 A. 

One application of such a "gated dispenser" is to inject a controlled, 
variable-sized plug of anaryte from the first reservoir 12A for electrophoretic or 
chromatographic separation in the separation channel 34A. In such a system, the first 
reservoir 12A stores analyte, the second reservoir 16A stores an ionic buffer, the third 

IS reservoir I8A is a first waste reservoir and the fourth reservoir 20A is a second waste 
reservoir. To inject a small variable plug of analyte from the first reservoir 12A, the 
potentials at the buffer and first waste reservoirs 16 A, 18A are simply floated for a short 
period of time («* 100 ras) to allow the analyte to migrate down the separation column 
34A. To break off* the injection plug, the potentials at the buffer reservoir 16 A and the 

20 first waste reservoir 18A are reapplied. Alternatively, the valving sequence could be 
effected by bringing reservoirs 16A and 18A to the potential of the intersection 40A and 
then returning them to their original potentials. A shortfall of this method is that the 
composition of the injected plug has an electrophoretic mobility Was whereby the faster 
migrating compounds are introduced preferentially into the separation column 34A over 

25 slower migrating compounds. 

In Figure 5, a sequential view of a plug of analyte moving through the 
intersection of the Figure 3 embodiment can be seen by CCD images The analyte being 
pumped through the laboratory system I OA was rhodamine D (shaded area), and the 
orientation of the CCD images of the injection cross or intersectior. is the same as in 

30 Figure 3. The first image, (A), shows the anaryte being pumped through the injecti n 
cross or intersection toward the first waste reservoir 18A prior to the injection. The 
second image. (B), shows the analyte plug being injected into the separation column 
34A. The third image, (C), depicts the analyte plug moving away from the injection 
intersection after an injection plug has been completely introduced into the separation 

35 column 34A. The potentials at the buffer and first waste reservoirs 16A. 18 A were 
floated for 100 ms whit the sample m ved into the separation column 34A. By the time 
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f the (C) image, the closed gate mode has resumed to stop fiirther analyte from moving 
through the intersection 40A into the separation column 34A. and a dean injection plug 
with a length of 142 urn has been introduced into the separation column. As discussed 
below, the gated injector contributes to only a minor fraction of the total plate height 
5 The injection plug length (volume) is a function of the time of the injection and the 
electric field strength in the column. The shape of the injected plug is skewed slightly 
because of the directionality of the cleaving buffer flow. However, for a given injection 
period, the reproducibility of the amount injected, determined by integrating the peak 
area, is 1% RSD for a series of 10 replicate injections. 
10 Electrophoresis experiments were conducted using the microchip 

laboratory system 10A of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
device (CCD) camera was used to monitor designated areas of the chip and a 
photomultiplier tube (PMT) tracked single point events. The CCD (Princeton 
15 Instruments, Inc. TE/CCD-5 1 2TKM) camera was mounted on a stereo microsc pc 
(Nikon SMZ-U), and the laboratory system 10A was illuminated using an argon ion laser 
(514.5 ran. Coherent Innova 90) operating at 3 W with the beam expanded to a circular 
spot m 2 cm in diameter. The PMT, with collection optics, was situated below the 
microchip with the optical axis perpendicular to the microchip surface. The laser was 
20 operated at approximately 20 mW. and the beam impinged upon the microchip at a 45° 
angle from the microchip surface and parallel to the separation channel. The laser beam 
and PMT observation axis were separated by a 135" angle. The point detection scheme 
employed a helium-neon laser (543 run, PMS mectro-optics LHGP-0051) with an 
electrometer (Keithley 617) to monitor response of the PMT (Orid 77340). The voltage 
25 controller 46 (Spellman CZE 1000R) for electrophoresis was operated between 0 and 

+4.4 kV relative to ground. 

The type of gated injector described with respect to Figures 3 and 4 show 
electrophoretic mobility based bias as do conventional dectroosmotic injections. 
Nonetheless, this approach has simplicity in voltage switching requirements and 
30 fabrication and provides continuous unidirectional flow through the separation channd. 
In addition, the gated injector provides a method for valving a variable volume of fluid 
into the separation channd 34A in a manner that is predsery controlled by the dectrical 

potentials applied. . . . . 

Another application of the gated dispenser 10A is to dilute or mix desired 
35 quantities of materials in a controUed manner. To implement such a mixing scheme in 
order to mix the materials from the first and second reserv irs 12A. 16A, the potentials 
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in the first and second channels 26 A, 30A need to be maintained higher than the 
potential of the intersect] n 40A during mixing. Such potentials will cause the materials 
from the first and second reservoirs 12A and 16A to simultaneously move through the 
intersection 40A and thereby mix the two materials. The potentials applied at the first 
and second reservoirs 12A, 16A can be adjusted as desired to achieve the selected 
concentration of each material. After dispensing the desired amoums of each material 
the potential at the second reservoir 16A may be increased in a nanner sufficient to 
prevent farther material from the first reservoir 12A from being transported through the 
intersection 40A toward the third reservoir 30A 



Analyte Injector 

Shown m Figure 6 is a microchip analyte injector 10B according to the 
present invention. The channel pattern 24B has four distinct channrJs 26B, 30B, 32B. 
and 34B micromachincd into a substrate 49 as discussed above Each channel has an 
15 accompanying reservoir mounted above the terminus of each channel portion, and all 
four channels intersect at one end in a four way intersection 40B. The opposite ends f 
each section provide termini that extend just beyond the peripheral edge of a cover plate 
47 mounted on the substrate 49. The analyte injector 10B shown in Figure 6 is 
substantially identical to the gated dispenser 10A except that the electrical potentials are 
20 applied in a manner that injects a volume of material from reservoir 16% through the 
intersection 40B rather than from the reservoir 12B and the volume of material injected 
is controlled by the size ofthe intersection. 

The embodiment shown in Figure 6 can be used for various material 
manipulations. In one application, the laboratory system is used to meet an analyte from 
25 an analyte reservoir 16B through the intersection 40B ft>r separaticn m the separation 
channel 34B. The analyte injector 10B can be operated in either "load" mode or a "run- 
mode. Reservoir 16B is supplied with an analyte and reservoir 12B with buffer. 
Reservoir 18B acts as an analyte waste reservoir, and reservoir 2 OB acts as a waste 
reservoir. 

30 in the "load" mode, at least two types of analyte introduction arc 

possible. In the first, known as a "floating" loading, a potential is applied to the analyte 
reservoir 16B with reservoir 18B grounded. At the same time, reservoirs 12B and 20B 
are floating, meaning that they are neither coupled to the power source, nor grounded. 

The second load mode is "pinched* loading mode, wherein potentials are 

35 simultaneously applied at reservoirs 12B, 16B, and 20B, with reservoir 18B grounded in 
order to control the injection plug shape as discussed in more detail bel w. As used 
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heron, simultaneously controlling electrical potentials at plural rtserv Irs means that the 
electrodes are connected to a pcrating p wcr source at tlte same chemically significant 
time period. Floating a reservoir means disconnecting the electrode in the reservoir from 
the power source and thus the electrical potential at the reservoir is not controlled. 
5 In the "run" mode, a potential is applied to the buffer reservoir 12B with 

reservoir 20B grounded and with reservoirs 16B and 18B at approximately half of the 
potential of reservoir 12B. During the run mode, the relatively high potential applied to 
the buffer reservoir 12B causes the analyte in the intersection 40B to move toward the 
waste reservoir 20B in the separation column 34B. 

10 Diagnostic experiments were performed using rhodaxnine B and 

sulforhodamine 101 (Exciton Chemical Co., Inc.) as the analyte at (SO *lM for the CCD 
images and 6 jiM for the point detection. A sodium tetraborate buffer (SO mM, pH 9.2) 
was the mobile phase in the experiments. An injection of spatially well defined small 
volume ( » 100 pL) and of small longitudinal extent ( ~ 100 fim), injection is beneficial 

IS when performing these types of analyses. 

The analyte is loaded into the injection crass as a fir ntal 
elcctropherogram, and once the front of the slowest analyte component passes through 
the injection cross or intersection 40B, the analyte is ready to be analyzed. In Figure 7, a 
CCD image (the area of which is denoted by the broken line square) displays the flow 

20 pattern of the analyte 54 (shaded area) and the buffer (white area) tlirough the region of 
the injection intersection 40B. 

By pinching the flow of the analyte, the volume ot the analyte plug is 
stable over time. The slight asymmetry of the plug shape is due to the different electric 
field strengths in the buffer channel 26B (470 V/cm) and the separation channel 34B 

25 (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and tiie waste reservoirs, 
and the analyte waste reservoir is grounded. However, the different field strengths do 
not influence the stability of the analyte plug injected. Ideally, when the analyte plug is 
injected into the separation channel 34B, only the analyte in the injection cross r 
intersection 40B would migrate into the separation channel. 

30 The volume of the injection plug in the injection cross is approximately 

120 pL with a plug length of 130 pm. A portion of the analyte 54 ir. the analyte channel 
30B and the analyte waste channel 32B is drawn into the scpaiation channel 34B. 
Following the switch to the separation (run) mode, the volume of the injection plug is 
approximately 2S0 pL with a plug length of 208 jim. These dimensions are estimated 

35 from a scries of CCD images taken immediately after the switch is made t the 
separation mode. 
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The two modes of loading were tested for the •nahr.e introduction into 
the separation channel 34B. The analyte was placed in the analyte rwervoir 16B, and in 
both injection schemes was transported" in the direction of reservoir 18B. a waste 
reservoir. CCD images of the two types of injections are depicted in Figures 8(a)-8(c). 
5 Figure 8(a) schematically shows the intersection 40B, as well as the end portions f 
channels. 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the run mode. In the pinched mode. ana\vte (shown as white 
against the dark background) is pumped electrophoretically and eleciroosmotically from 
10 reservoir 16B to reservoir 18B (left to right) with buffer from the buffer reservoir 12B 
(top) and the waste reservoir 20B (bottom) traveling toward reservoir 18B (right). The 
voltages applied to reservoirs 12B. 16B. 18B, and 20B were 90%. 90%. 0. and 100%, 
respectively, of the power supply output -which correspond to deGtrie field strengths jn 
the corresponding channels of 400. 270, 690 and 20 V/cm. respectively. Although the 
15 voltage applied to the waste reservoir 20B is higher than voltage applied to the analyte 
reservoir 18B. the additional length of the separation channel 34B compared to the 
analyte channel 30B provides additional electrical resistance, and thus the flow from the 
analyte buffer 16B into the intersection predominates. Consequently, the analyte in the 
injection cross or intersection 40B has a trapezoidal shape and is spatially constricted in 
20 the channel 32B by this material transport pattern. 

Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 16B to 18B as in the pinched injection except no potsntial is applied to 
reservoirs 12B and 20B. By not controlling the flow of mobile phas« (buffer) in channel 
portions 26B and 34B. the analyte is free to expand into these channels through 
25 convective and diffusive flow, thereby resulting in an extended injection plug. 

When comparing the pinched and floating injections, the pinched injection 
is superior in three areas: temporal stability of the injected volume, the precision of the 
injected volume, and plug length. When two or more anarytes with vastly different 
mobilities are to be analyzed, an injection with temporal stability insures that equal 
30 volumes of the fester and slower moving analytes are introduced into the separation 
column or channel 34B. The high reproducibility of the injection volume facilitates the 
ability to perform quantitative analysis. A smaller plug length leads to a higher 
separation efficiency and, consequently, to a greater component capacity for a given 
instrument and to higher speed separations. 
35 To determine the temporal stabflity of each mode, a scries of CCD 

fluorescence images were collected at 1.5 second intervals starting just prior to the 
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analytc reaching the injection intersection 40B. An estimate of thd amount of analyte 
that is injected was determined by integrating the fluorescence in the intersection 40B 
and channels 26B and 34B. This fluorescence is plotted versus time in Figure 9. 

For the pinched injection, the injected volume stabilizes in a few seconds 
5 and has a stability of 1% relative standard deviation (RSD), which is comparable to the 
stability of the illuminating laser. For the floating injection, the amount of analyte to be 
injected into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 26B and 34B. For a 30 second injection, the volum f the 
injection plug is ca. 90 pL and stable for the pinched injection versus ca 300 pL and 
10 continuously increasing with time for a floating injection. 

By monitoring the separation channel at a point 0.9 cm from the 
intersection 40B, the reproducibility for the pinched injection node was tested by 
integrating the area of the band profile following introduction into the separation channel 
34B. For six injections with a duration of 40 seconds, the reproducibility for the pinched 
15 injection is 0.7% RSD Most of this measured instability js from the optical 
measurement system. The pinched injection has a higher reproducibility because of the 
temporal stability of the volume injected. With electronically controlled voltage 
switching, the RSD is expected to improve for both schemes. 

The injection plug width and, ultimately, the resolution between analytes 
20 depends largely on both the flow pattern of the analyte and the dimensions f the 
injection cross or intersection 40B. For this column, the width of tbe channel at the top 
is 90 inn, but a channel width of 10 (im is feasible which would lead to a decrease in the 
volume of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse the flow in 
25 the separation channel as described above for the "pinched" and ■floating" injection 
schemes. Examples of such cases might be the injection of a new sample plug before the 
preceding plug has been completely eluted or the use of a post-column reactor where 
reagent is continuously being injected into the end of the separation column. In the latter 
case, it would in general not be desirable to have the reagent flowing back up into the 
30 separation channel 

Alternate Analyte Injector 

Figure 10 illustrates an alternate analyte injector system IOC having six 
different ports or channels 26C, 30C, 32C, 34C, 56, and 58 respectively connected to six 
35 different reservoirs 12C, 16C, ISC, 20C, 60 v and 62. The tetter C after each element 
number indicates that the indicated element is analogous to a c rreKpondingly numbered 
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elcraefll5 of Figure 1. The microchip laboratory system 10C is sir.iilar to laboratory 
system. 10, 10A. and 10B described previously, in that an injection cross or intersection 
40C is provided. In the Figure 10 embodiment, a second intersection 64 ^ and two 
additional reservoirs 60 and 62 are also provided to overcome the problems with 
reversing the flow in the separation channel. 

Like the previous embodiments, the analyte injector system IOC can be 
used to implement an analyte separation by electrophoresis or chromatography or 
dispense material into some other processing element. In the laboratory system IOC. the 
reservoir 12C contains separating buffer, reservoir 16C contains the analyte. and 
reservoir. 18C and 20C are waste reservoirs. Intersection 40C orefe "ably is operated m 
the pinched mode as in the embodiment shown in tfgure 6. The lower intersection 64. ui 
fldd communication whh reservoir, 60 and 62. are used to provide additional flow so 
that a continuous buffer itream can be directed down towards tte . aste reservo^2QC 
md , when needed, upwards toward the injection interaction 40C. J» 
15 attached channel 56 are not necessary, although they improve performance by reduong 
band broadening as a plug passes the lower intersection 64. In many cases, the fl w 
from reservoir 60 will be syrnrnctric with that from reservoir 62. 

F.gure 1 1 is an enlarged view of the two intersections 40C and 64 The 
different types of arrows show the flow directions at given instances in time for ejection 
T^M* *» *e separation channel. The solid arrows show the nut* flow 
pattern where the analyte is electrokineticalry pumped into the upper tntersec-Uon 40C 
and -pinched- by material flow from reservoirs 12C. 60. and 62 toward this same 
intersection. Flow away from the injection intersection 40C is cried to the an^te 
waste reservoir IIC. The analyte is also flowing from the reservoir 16C to the analyte 
waste reservoir 18C. Under these conditions, flow from reservoir 60 (and -~<4 
is also going down the separation channel 34C to the waste reservo, 20C. Such a flow 
pattern is created by simultaneously controlling the electrical potentuds at all six 

rCSC,VOIrt A plug of the analyte is injected through the inject-on intersection 40C 
30 into the separation channel 34C by switching to the flow profile shown by the short 
dashed aTws. Butler flows down from reservoir 12C to the imecnon intersection 40C 
and toward, reservoir, 16C. WC and 20C. This flow profile also pushes the analyte 
plug toward waste reservoir 20C into the separation channel 34C *s described before^ 
ThLwprofilefchddforasuffi^ 

35 tnTlowermtersectione^. T**^*^?*"™"" 

indicated by the short arrow and into the separation channel 34C to nmuruze distortion. 
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The distance between the upper and lower intersections 40C and 64, 
respectively, should be as small as possible to minimize plug distortion and criticality of 
timing in the switching between the two flow conditions. Electrodes for sensing the 
electrical potential may also be placed at the lower intersection and h the channels 56 
5 and 58 to assist in adjusting the electrical potentials for proper flow control. Accurate 
flow control at the lower intersection 64 may be necessary to prevent undesired band 
broadening. 

After the sample plug passes the tower intersection, the potentials are 
switched back to the initial conditions to give the original flow profile as shown with the 

10 long dashed arrows. This flow pattern will allow buffer flow into the separation channel 
34C while the next analyte plug is being transported to the plug forming region in the 
upper intersection 40C. This injection scheme will allow a rapid succession of injections 
to be made and may be very important for samples that are slow to m grate or if it takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 

15 entangled polymer solutions. This implementation of the pinched injection also 
maintains unidirectional flow through the separation channel as migln be required for a 
post-column reaction as discussed below with respect to Figure 22. 

Serpentina channel 

20 Another embodiment of the invention is the modofiod analyte injector 

system 10D shown in Figure 12. The laboratory system 10D shown in Figure 12 is 
substantially identical to the laboratory system 10B shown in Figure 6, except that the 
separation channel 34D follows a serpentine path. The serpentine path of the separation 
channel 34D allows the length of the separation channel to be greatly increased without 
25 substantially increasing the area of the substrate 49D needed to rniplement the serpentine 
path. Increasing the length of the separation channel 34D increases the ability of the 
laboratory system I0D to distinguish elements of an analyte. In one particularly 
preferred embodiment, the enclosed length (that which is covered by the cover plate 
49D 1 ) of the channels extending from reservoir 16D to reservoir 18D is 19 mm, while the 
30 length of channel portion 26D is 6.4 mm and channel 34D is 171 mm The turn radius or 
each turn of the channel 34D, which serves as a separation column, is 0.16 mm. 

To perform a separation using the modified analyte injector system 10D, 
an analyte is first loaded into the injection intersection 40D using one of the loading 
methods described above. Afler the analyte has been loaded into the intersection 40D of 
35 the microchip laboratory system 10, the voltages arc manually switched from the loading 
mode to the run (separation) mode of operation. Figures I3(a>13(e) illustrate a 
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separation of rhodamine B (teas retained) and sulfbrhodaminc (more retained) using the 
foDowing conditions: Ey=400V/cm. E^-150V/ctn, bufFur = 50 mM sodium 
tetraborate at pH 9.2. The CCD images demonstrate the separation process at 1 second 
intervals, with Figure 13(a) showing a schematic of the section of the chip imaged, and 

5 with Figures 13(b>13(e) showing the separation unfold. 

Figure 13(b) again shows the pinched injection with the applied voltages 
at reservoirs 12D. 16D, and 20D equal and reservoir 18D grounded. Figures 13(c)- 
13(e) shows the plug moving away from the intersection at 1, 2, and 3 seconds, 
respectively, after switching to the run mode. In Figure 13(c). the injection phig is 

10 migrating around a 90° turn, and band distortion is visible due to the inner portion of the 
plug traveling less distance than the outer portion. By Figure 13(d \ the analytes have 
separated into distinct bands, which are distorted in the shape of a parallelogram. In 
Figure 13(e), the bands are well separated and have attained a more rectangular shape* 
i e., collapsing of the parallelogram, due to radial difiusipn, an additiima! contribution to 

IS efficiency loss. 

When the switch is made from the load mode to the run mode, a dean 
break of the injection plug from the analyte stream is desired to avoid tailing. This is 
achieved by pumping the mobile phase or buffer from channel 26D into channels 30D, 
32D. and 34D simultaneously by rnaimaining the potential at the intersection 40D below 
20 the potential of reservoir I2D and above the potentials of reservoirs 16D. 18D. and 20D. 

In the representative experiments described herein, ite intersection 40D 
was maintained at 66% of the potential of reservoir 1ZD during the run mode. This 
provided sufficient flow of the analyte back away from the injection intersection 40D 
down channels 30D and 32D without decreasing the field strength in the separation 
25 channel 34D significantly. Alternate channel designs would allow a greater fraction of 
the potential applied at reservoir 12D to be dropped across the separation channel 34D. 

thereby improving efficiency. 

This three way flow is demonstrated in Figures 13(c)-13(e) as the 
analytes in channels 30D and 32D (left and right, respectively) mov* further away from 
30 the intersection with time. Three way flow permits well-defined, reproducible injections 
with minimal bleed of the analyte into the separation channel 34D. 

n gtectnra _ 
In most applications envisaged for these integrated microsystems for 

35 chemical analysis or synthesis it will be necessary t quantify the material present in a 
channd at one or more positions similar to conventional laboratory measurement 
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processes. Techniques typically utilized for quantisation include, but are not limited to, 
pticat absorbance, refractive index changes, fluorescence emission, cheniihiminescence, 
various forms of Raman spectroscopy, electrical conductometric measurement*, 
electrochemical amperiometric measurements, acoustic wave propagation measuioncnts. 
5 Optical absorbence measurements are commonly employed with 

conventional laboratory analysis systems because of the generality of the phenomenon in 
the UV portion of the electromagnetic spectrum. Optical absorhence is commonly 
determined by measuring the attenuation of impinging optical power as h passes through 
a known length of material to be quantified. Alternative approaches are possible with 
10 laser technology including photo acoustic and photo thermal rechniques. Such 
measurements can be utilized with the microchip technology discu«sed here with the 
additional advantage of potentially integrating optical wave guides on microfabricated 
devices. The use of solid-state optical sources such as LEDs and diode lasers with and 
without frequency conversion elements would be attractive for reduction of system size. 
15 Integration of solid state optical source and detector technology onto a chip does not 
presently appear viable but may one day be of interest 

Refractive index detectors have also been commonly used for 
quantification of flowing stream chemical analysis systems because of generality of the 
phenomenon but have typically been less sensitive than optical absorption. Laser based 
20 implementations of refractive index detection could provide adequate sensitivity in some 
situations and have advantages of simplicity. Fluorescence emission (or fluorescence 
detection) is an extremely sensitive detection technique and is comrr.only employed for 
the analysis of biological materials. This approach to detection has much relevance to 
miniature chemical analysis and synthesis devices because of the sensitivity of the 
25 technique and the small volumes that can be manipulated and analyzed (volumes in the 
picotiter range are feasible). For example, a 100 pL sample volume with 1 nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected There are several demonstrations in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 
30 excitation source for ultrasensitive measurements but conventional ujjht sources suchas 
rare gas discharge lamps and light emitting diodes (LEDs) are also used The 
fluorescence emission can be detected by a photomultiplier tube. P hotodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 
35 Raman spectroscopy can be used as a detection method for microchip 

devices with the advantage of gaining molecular vibrational mfomiation, but with the 
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disadvantage of reUth-dy poor aensMvit,. Sensitivity has been increased through 
surface enhanced Raman spectroscopy (SERS) effect, but only at the research level. 
Eternal or electrochemical detection approaches are aUo of par.xa.lar micro* 6. 
impUunenution on microchip devices due to the ease of tn.egnation onto a 

, ricrorabricated structure and the potentially high sensitivity that can be atuuncd. The 
most general approach to electrical auanufication i» . eonductometric noeasurement. L. 
, measurement of the conductivity of an ionic sample The presetc. of n »n«d 
andyte can correspondingly increase the conductivhy of a fluid and Oats .now 
notification. Amperiometric measurement, imply the measurement of the current 

,0 through an electrode at a given electrical potential due to the reduction or oasdanon, * . 
molecule « the decw.de. Some selectivity can be obtained by contfolnng the pctent.nl 
ofth.electr.fcbutftian.nuna.. Amperiometric detection is ■ J~ /^J"*"?* 

tB. ■» *™*< a * a «" * ° C o»^*«^ ^ 

potentials that can be used whh common solvents Seninviries in the I nM rang, have 

I5 H demonstrated in small volume. (10 nL> The other adv»t*e of «us tech^oue « 
that the number of electrons measured (through the current) is equal to the number of 
.notecules present- The electrode, required for either of these detection method, can be 
included on a microfabrieated device through a photolithographic pattern** »nd metal 
deposition process Electrodes could also be u«d to inuia.e a chonuununescence 

20 detection process, i.e.. an excited state molecule is generated via an «-«~«*«~ 
prcTss which then uansfers its energy to en anaryte molecule, subs gently emmmg a 

ohoton that is detected. 

Acoustic measurements can also be used for quarmrcauon of materials 

hut have no, been widely used to date. One nuHhod that has been ** *» 

25 phase detection U the attenuation or phase tuft of a surface acou.uc «mve » 

Adsorption of material to the surface of a substrate where a SAW is propagating an ^ ts 

nation characteristic and allows a concentration doe— SdecUve 

ZLll the surface of the SAW device are often used SimHa, technique, ma, be 

useful in the devices described herein. 

,0 The mixing capabilities of the microchip laboratory systems described 

herein lend themselves to detection processes that include the addhi . trf oneor more 
mRaM Deriva.iza.ion reactions are commonly used in btc^hemtcal assay* For 
3 amino acids, peptides and protein, are commonly «° 
rea J raJ or o-phthaldialdehyde to produce fluorescent tnolecmes that are easdy 

,5 Sle. Altlatively. an enzyme could be used as a labeUng «* ^ 

uXding substrate, could be added to provide an enzyme amplified de.ec.ton scheme. 
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U. t the enzyme produces a detectable product. There are many exnnples where such an 
approach has been used in conventional laboratory procedures to enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
benefit from integrated mixing methods is chcmiluininescuncc detection. In these types 
5 of detection scenarios, a reagent and a catalyst are mixed with an appropriate target 
molecule to produce an excited state molecule that emits a detectabe photon. 

Analyte Stacking 

To enhance the sensitivity of the microchip laboratory system 10D. an 
10 analyte pre-concentration can be performed prior to the separation. Concentration 
enhancement is a valuable tool especially when analyzing environmental samples and 
biological materials, two areas targeted by microchip technology. Analyte stacking is a 
convenient technique to incorporate with electrophoretic analyses. To employ analyte 
stacking, the analyte is prepared in a buffer with a lower conductivity than the separation 
15 buffer. The difference in conductivity causes the ions in the analyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a conomtrated analyte plug 
portion that is detected more easily. More elaborate preconcentration techniques include 
two and three buffer systems, i.e.. transient isotachophoretic preconcentration. It will be 
evident that the greater the number of solutions involved, the more difficult the injection 
20 technique is to implement. Pre-concentration steps are weU suited for implementation n 
a microchip. Electroosmotically driven flow enables separation and sample buffers to be 
controlled without the use of valves or pumps. Low dead volume connections between 
channels can be easily fabricated enabling fluid manipul« ion wWl P^ 8 * 0 ". s P eed 
and reproducibility. 

25 Referring again to Figure 12, the pre-concentration of the analyte is 

performed at the top of the separation channel 34D using a modif ed gated mjection t 
stack the analyte. First, an analyte plug is introduced onto the separation channel 34D 
using clectroosmotic flow. The analyte plug is then followed by irore separation buffer 
from the buffer reservoir I6D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buffers. Dansylated amino acids were used as the analyte. which 
are anions that Stack at the rear boundary of the analyte buffer plug. Implementation f 
the analyte stacking is described along with the effects of the stacking on both the 
separation efficiency and detection limits. 

To employ a gated injection using the microchip laboratory system 10D, 
35 the analyte is stored in the top reserv ir 12D and the buffer is stored in the left reservoir 
16D. The gated injection used for the analyte stacking is performed on an analyte having 
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an ionic strength that is less than that of the running buffer. Buffer is transp rted by 
deciroosmosis from the buffer reservoir 16D towards both the analyte waste and waste 
reservoirs 18D, 20D. This buffer stream prevents the anaryte fron bleeding into the 
separation channel 34D. Within a representative embodiment, the relative potentials at 
5 the buffer, analyte, anaryte waste and waste reservoirs are I. 0.9. 0.7 and 0, respectively. 
For 1 kV applied to the microchip, the field strengths in the Duller, analyte. analyte 
waste, and separation channels during the separation are 170. 130. 180, and 120 V/cm. 
respectively. 

To inject the analyte onto the separation channel 34D. the potential at the 
10 buffer reservoir 16D is floated (opening of the high vohage switch) l or a brief period of 
time (0.1 to 10 s). and analyte migrates into the separation channel. For 1 kV applied to 
the imcrochip, the field strengths in the buffer, sample, sample waste, and separation 
cmnnels during the injection are 0, 240, m^4M^«|N*iwfc. To break off 
the anaryte plug, the potential at the buffer reservoir 16D is reapplied (closing of a high 
15 voltage switch). The volume of the analyte plug is a function of the injection time, 
electric field strength, and dectrophoretic mobility. ^ 

The separation buffer and anaryte compositions can be quite different, yet 
with the gated injections the integrity of both the analyte and buJTer streams can be 
alternately maintained in the separation channel 34D to perform the stacking operation. 
20 The anaryte stacking depends on the relative conductivity of the ^eparation buffer to 
anaryte, y For example, with a 5 mM separation buffer and a 0.516 mM sample (0.016 
mM dansyl-rysine and 0.5 mM sample buffer* y is equal to 9.7. Figure 14 shows two 
injection profiles for didansyl-rysine injected for 2 s with y equal to 0.97 and 9.7. The 
injection profile withy - 0.97 (the separation and sample buffers are both 5 mM) shows 
25 no stacking. The second profile with y = 9.7 shows a modest enhancement of 3.S for 
relative peak heights over the injection with y - 0.97. DidansyUyvne is an anion, and 
thus stacks at the rear boundary of the sample buffer plug. In addition to incrcasmg the 
anaryte concentration, the spatial extent of the plug is confined. The injection profile 
with y - 9 7 has a width at half-height of 0.41 s. while the injection profile with y - 0.97 
has a width at half-height of 1.88 a. The electric field strength in the separation channel 
34D during the injection ("injection field strength) is 95% of the electric field strength in 
the separation channel during the separation (separation field strength). These profiles 
are measured while the separation field strength is applied. For an injection t»me of 2 a. 
an injection plug width of 1 .9 s is expected for y - 0.97. 

The concentration enhancement due to stacking was evaluated for several 
sample plug lengths and relative conductivities f the separation buffer and analyte. The 
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enhancement due to stacking increases with increasing relative conductivities, y. In 
Table 1, the enhancement is listed for g from 0.97 to 970. Although the enhancement is 
largest when y • 970 v the separation efficiency suffers due to an dectioosmotic pressure 
originating at the concentration boundary when the relative conductivity is too larg . A 
5 compromise between the stacking enhancement and separation efficiency must be 
reached and y « 10 has been found to be optimal. For separations performed using 
stacked injections with y • 97 and 970, didansyMysine and dansyi-uoteucinc could not 
be resolved due to a loss in efficiency. Also, because the injecti.ui process on the 
microchip is computer controlled, and the column is not physically transported from vial 

10 to vial, the reproducibility of the stacked injections is 2. 1 % rsd (perce it relative standard 
deviation) for peak area for 6 replicate analyses. For comparison the non-stacked* 
gated injection has a 1.4% rsd for peak area for 6 replicate analyses, and the pinched 
injection has a 0.75% rsd for peak area for 6 replicate analyses. These correspond well 
to reported values for large-scale, commercial, automated capilkuy electrophoresis 

15 instruments. However, injections made on the microchip are * UK) times smaller in 
volume; e.g. 100 pL on the microchip versus 10 nL on a commercial instrument 

Table 1 : Variation of stacking enhancement with relative conductivity, y. 

y Concentration Enhancement 

0.97 1 
9.7 6.5 
97 11.5 
970 13.8 

20 

Buffer streams of different conductivities can be accurately combined on 
microchips. Described herein is a simple stacking method, although more elaborate 
stacking schemes can be employed by fabricating a microchip with additional buffer 
reservoirs. In addition, the leading and trailing electrolyte buffers can be selected to 

25 enhance the sample stacking, and ultimately, to lower the detection limits beyond that 
demonstrated here- It is also noted that much larger enhancements are expected for 
inorganic (elemental) cations due to the combination of field amplified analyte injection 
and better matching of analyte and buffer ion mobilities. 

Regardless of whether sample stacking is used, the :nicrochip laboratory 

30 system 10D of figure 12 can be employed to achieve electrophorectic separation of an 
analyte comp scd f rhodamineB and sulf rhodamine. Figure 15 r e electropherograms 
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»t (a) 3.3 cm. <b) 9.9 cm. and (c) 16.5 cm from the point of injection for fhodamine B 
Oess retained) and ailforhodamine (more retained). These 
following conditions: injection type was pinched. E* = SOOV/cm. E~ " "0 V/cn, 
buffcr - 50 mM sodium tetraborate at P H 9.2. To obtain dectropherograms m the 
5 conventional manner, single point detection with the helhinvneon la^ (green hne) was 
used at different locations down the axis of the separation channel 34D. 

An important measure of the utility of a separation system is the number 
of plates generated per unit time, as given by the formula 

10 Nfc«L/(Ht) 

whereN is the number of theoretical plates, t is the separation time. L is the length of the 
separation column, and H is the height equivalent to a theoretical plate The p^te 
height, H, can be written as 

H = A + B/u 

where A is the sum of the contributions from the injection plug leng -b and the detector 
path length, B is equal to 2D. where D. is the diffusion coefficient for the analyte in the 

buffer, and u Is the finear velocity of the analyte. i . 

Combining the two equations above and substituting u - uE where u is 
the effective electrophoretie mobility of the analyte and £ is the electric field strength, 
the plates per unit time can be expressed as a function of the electric held strength: 



15 



20 



N/t = (pEf I (AuE + B) 



25 



30 



35 



At low electric field strengths when axial diffusion is the dominant form 
of band dispersion, the term AuE is small revive to B and consequently, the number of 
nlates per second increases with the square of the electric field strength. 

As the electric field strength increases, the plate height approaches a 
constant value, and the plates per unit time increases linearly with the electric field 
strength because B is small relative to AuE. It is thus advantageous to have A as small 
as possible, a benefit of the pinched injection scheme. 

The efficiency of the electrophorectic separation of rhodamine B and 
sulforhodamine at ten evenly spaced positions was monitored, each constituting a 
separate experiment. At 16.5 cm from the point of injection, the efficiencies f 
ZoZine B and sulforhodamine are 38.100 and 29.000 ,lates, respectively. 
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Efficiencies of this m^»d« .re ***** for n»ny -P^- ■J*** * 
TThakntdh. If . defect in the channel. «.*.. • large P«. P"* 01 * 

tz^j^u i— - . - - * — r ^ es tr - 

dotted in Fieure 1 6 (conditions for F.gure 16 were the sin* as for Ftgur. 13). 

plotted m Figure ^ ^pcriment ™ performed using the nucrodup 

^e injector 10B of F,Bur« 6. Bec»s« of ft. straight sepanmon 
analyse injector 10B enables taster separations thin ire pcssiWe using the lerpentine 
section channel 34Dof.be alternate «*. injector no shown . Ftgur. 12. In 
^dC the eleonc field sucngth, used were higher (47. V/cn, and 100 W. *r th. 
buffer and separation channels 26B. 34B. respectively), whtch further merest the 

speed of the separations. ^ tftn 

One pirticular advantage to the planar nucrodup labo itory system 10B 
of the preset invention is that win, User induced fluorescence the poi * tf detection™. 

tTa^h^-ong^seP^neohn.., Thee>ec^grtsns.r.d«^.t 
^aration ^ of 0 9 nun. 1.6 ™n, and >U nun frotn the tntectu.,. ****** ~ 
Z 1.6 nun -ri H I nun separation length, were used over a ran* of dectncfieU 
I^ns from 0.06 to 1.5 HV/on, and the seps«ion. tad hssehn. resohnton over dus 
At * eiectric field strength of 1.5 W/cm. the an-ytes r odanune B and 
, r^ceu, „« resolved in less than .50 ms for the 0.9 mm separaucn length, as shown 
in F^7(a). in .ess than 260 ms for the 1 .6 mm separa.cn length, as shown .» F*u~ 
,70,Tand •» «-n 1 .6 seconds for the 1 1 1 mm separation length, as shown .n F.gure 

17(C) ' Due to the trapezoidal geometry of the channels, the upper comers make 
«. « difficult to cut the sample plug away precisely when the potentials are switched from 
J^£«mJ~*m»*- — • Thus..l^ec,K,„p.ugto»sl,gh, 
Z ZLd J. it. and this effect probd* accounts for the „,l ng observed . the 

^""^ H> ^^of plates per second ft, the ..6 nun and 

,0 U 1 mm separation lengths are plotted versui .he electric Md suengtu. The number of 
1 ,L7er3nd quick* becomes a linear function of the electric field strength, because 
C.rh^ .pprolcs a constat valu. The symbob » •*» U represent the 
eTp^la Elected for the two anarytes a. the 1.6 mm and 1 1, rnm separate 
Th. «„„ « calculated using the previously-stated equation and the 
35 Xenis" ^mentally determined. A slight deviation is seen between the 
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wpertmen ,al data and the calculi numbers, ftr rr*darni»e B . the .... ram 
Kparation length. This is primarily due to experimental error. 

uncharged species. AB neutral species in a particular sample win have swro 

S HD shown mF.gur. 12 can also be used to perform ^«*^» 
«p1L non-ionic ^e, To perform such de^ochro-na-^raph,. the surn^ of the 
10 channe! 34D was prepared by chemical* bonding a revere phase co»ng « 

wall, of the separation channel after bonding the cover plate » the »^»"» «> 
^channel The separaOon channel was treated ^J^^ 
and then Mtf with «m The ^ £ C ^ 

white purging wr* helium at. gauge pressure of approxtmaldy 50 kPa A " % <"™ 
l5 ^l^f cLodirnethy.o^d^silane (CDS. A>drich) in tofcene 

channel with an over pressure of helium - appr—ly J* °™ 

r^rrelve^^edODS. The t»_ ^ .00 * -J 

M pelm cinematograph, on an anarytes composed of <**n»»ru . 44. (C«0X 
coumarln 450 (C450) and ccumarin 460 (C460; Exdton Chenuc* Co.. ££££ 
ror the direct fluorescent measurements of U» aep««»n» and I ,.M I to. the tndtreet 
^.Ln, measurement of the void time. A sodium borate buffer (.0 mM. P H 

M)w,th»/ I J ^ wa5opOTtcdundef> Dir .hed andyteoad^ 

„*«,, and a separation (run) mod. « described above with respect te 

loaded into the injection cross via a frontal chron-tograr.. traveung from the 
^e Lrvoir 16D ,„ *e analye waste reservoir IHD. end or ce the »™, of -he 
siowtllyte passes through the injection intersection 40D. the sumple » ready " £ 
30 XTro svritch ,0 the separation mode. the applied p— £ 

bLing of the excess arah,. in» the separation charm* the ana*. .and 



BNSOOCID: <WO 9604547A1J_> 



WO 96/04547 

30 



PCIYUS95/09492 



,he buffer reservoir 12D. This method of loading and injecting tre sample is time- 
independent, non-biased and reproducible. 

In Figure 19, a ehromatogram of the coumarins is shown for a linear 
velocity of 0.65 mm/s. ForC440. 1 1700 plates was observed which corresponds to 120 
5 plates/s. The most retained component, C460, has an efficiency nearly an order of 
magnitude lower than for C440, which was 1290 plates. The unduladng background in 
the chronutograms is due to background fluorescence from the glass substrate and 
shows the power instability of the laser. This, however, did not hamper the quality of 
the separations or detection. These results compare quite well with convenuonal 
10 laboratory High Performance LC (HPLC) techniques in terms of olate numbers and 
exceed HPLC in speed by a factor often. Efficiency is decreasing with retention faster 
than would be predicted by theory. This effect may be due to overloading of the 
monolayer stationary or kinetic effects due to the high speed of the serration. 

is v r«ttii«r Electro ^n^^ Chromatography. 

In the elcctrochromatograpby experiments discussed above with respect 
to Figure 19. sample components were separated by their partitionimi interaction with a 
stationary phase coated on the channel wall, Another 

anatytes is micellar electtoldnetic capillary chromatography (MECC). MECC is an 
20 o^tTonal mode of electrophoresis in which a surfactant such as sodium 

(SDS) is added to the buffer in sufficient concentration to form micelles m the buffer. In 
, typical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The panning of sohrtes between 
the micelles and the surrounding buffer solution provides a separation mechanism smular 
25 to that of liquid chromatography. 

The microchip laboratory 10D of Figure 12 was used to perform n an 
anaMe composed of neutral dyes coumarin 440 (C440). coumarin 450 (C450). and 
couLn 46b (C460, Exciton Chemical Co.. Inc.). Individual st«k soluuons of each 
dye were prepared in methanol, then diluted into the analysis buff* before use. The 
30 TJZJon of each dye was approximately 50uM unless indict o*e^ The 
^buffer was composed of 10 mM sod'-um borate (pH 9. 1), 50 mM SDS and 10T 
(v/v) methanol. The methanol aids in solubiKang the coumarin dyes in the aqueous 
buffer system and also affects the partitioning of some of the dyes in: o the nuccQe, Due 
care must be used in working with coumarin dyes as the chemical, physical, and 
35 toxicol gical properties of these dyes have not been folly investigated. 
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The microchip laboratory system 10D was operated in the 'ptaehcd 
irOccbon" mode ascribed previously. The vohage. appiied » "Tntd 
cither loading mod. or . "run- (-panuion) mode. In the iMdin:, mode. • & «»1 
chronutogram of*. aoiution in the analyte mervob- 1SD b pumped ete*oo«nouc^y 
5 ^Sta**. and into the analyte waste reservoir UD. Vohage, appLed " 
th. buffer and waste n«rvoirs also cause weak flow, into the mt^n from the 
idea, and then imo tte amuyt. wast, reservoir 18D The ch,p remain, in tha mode unul 
«h. atewet moving component of*. -*» he. P»«d ttm**. •«^ on "^ 
Al this point, the analyte plug in the intersection is repre.enta.rve of u» analyte solun n, 

chang- the voltes applied to the reservoirs such uw buffi* 

!2D through the intersection 40D into th. separation cbjnnel MP toward the 
reservoir 20D. The plug of ar^e that was in the intersection 40D is swept a. 
,5 the separation channel 34D Proportionately lower voltages .re allied to the analytt 
an^^te reservoirs 16D. 18D to cause a weak flow of bufe from the buffer 
nJ^M into these channels. These mm mm*** the »rtple ptag . ctasnty 
ofT from the annryte strewn. ^ U« no execs, endyte leak, u«o the separat, n 

channel during the analysis. 
„ The results of theMECC analysis of a mixture ofC4«>. C450 and C460 

sreshowninRgureM. The peaks were identified by indrvidu* an^ of dy* 
The migration time stability of the first peak, C440. ^ .^.""^ 
concenwtion was . strong indicator t^thisdyedidnotparutton *o the -co"... a 
MM* extent Therefore it was consider* an electroostnot.,: Bow rnarker w£ 
* The Uu, C460. was assumed to be a mnnker 

migmion *-.«-- Using these values of » and «. from 0- data m F,gu«M_the 
ZLdelution range, tO/tn, is 0.41. TK.^wd.vnth.h»^v^of^m 
_ 0 4 for a similar buffer system, and support, our assumption These 
^ with conventional MECC performed in capuUries and also showssorne a*^ga. 
30 IX th. elecuochromatography experiment described above in that efficenc, s retamri 
wtn r«K, Further advance, of this approach ,0 separating neutra, m~ . 

« no surface modification of rhe walls i, necessary and that *. stannary pnase . 
continuously refreshed during experiments. 



BNSOOCID: <WO 9604547A1_L> 



WO 96/04547 PCT/US95/09492 

32 



lnff r rT? nicTon Analysis 

Another laboratory analysis that can be performed on either the 
laboratory system 10B of Figure 6 or the laboratory system 10D of Figure 12 is 
inorganic ion analysis. Using the laboratory system 10B of Figu-e 6, inorganic ion 
5 analysis was performed on metal ions completed with g-hydroxyijuiiioriiie-S-sulfomc 
acid (HQS) which are separated by electrophoresis and detected with UV laser induced 
fluorescence. HQS has been widely used as a Qgand for optical determinations of metal 
ions. The optical properties and the solubility of HQS in aqueous media have recently 
been used for detection of metal ions separated by ion chromatocraphy and capillary 

10 electrophoresis. Because uncompleted HQS does not fluoresce, ex.iess ligand is added 
to the buffer to maintain the complexation equilibria during the separation without 
contributing a large background signal. This benefits both th* efficiency of the 
separation and detectabflity of the sample. The compounds used for the experiments arc 
zinc sulfate, cadmium nitrate, and aluminum nitrate. The buffer is sodium phosphate (60 

15 mM, pH 6.9) with 8- hvdroxyquinoHne-5-sulfonic acid (20 mM for all experiments 
except Figure 5; Sigma Chemical Co.). At least 50 mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The substrate 49B used was fused quartz, which 
provides greater visibility than glass substrates. 

The floating or pinched analyte loading, as described previously with 

20 respect to Figure 6. is used to transport the analyte to the injection intersection 40B. 
With the floating sample loading, the injected plug has no electro phoretic bias, but the 
volume of sample is a function of the sample loading time Becauss the sample loading 
time is inversely proportional to the field strength used, for high injection field strengths 
a shorter injection time is used than for low injection field strengths. For example, for an 

25 injection field strength of 630 V/cm (Figure 3a), the injection time is 12 s, and for an 
injection field strength of 520 V/cm (Figure 3b). the injection time is 14.5 s. Both the 
pinched and floating sample loading can be used with and without suppression of the 

electroosmotlc flow. 

Figures 21 (a) and 21(b) show the separation of three metal ions 

30 complexed with g-hydroxyquinoline-5-sulfonic acid. All three complexes have a net 
negative charge. With the electroosmotic flow iniiumized by the covalent bonding of 
polyacrylamide to the channel walls, negative potentials relative in ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b), the separation channel field strength is 870 and 720 V/cm. respectively, and the 

35 separation length is 16.5 mm. The volume of the injection plug is 120 pL which 
corresponds to 16. 7, and 19 fmol injected for Zn, Cd. and Al, respectively, for Figure 
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^ In Figure 4b, 0.48. 0.23. ard 0.59 finol of Zn, Cd, .nd M, restively. «« »»e«ed 
oM o the separation cohmm. The average reproducibility of the — » ' ^ 

(p^ rd*. standard « "-ured by ~ C« 

The stability of the laser used to exat. the compl*™. .. » 1% »d The 
S d^o. BmiU^iaannse where usefclw^C" be performed 

r ° M hmute nTcrochip laboratory system IDE i. d»own m F.gure 22. The 

five-port pattern of channel, i. dUposed on . substrate 49E and with a cover .hp 49B_ 

,0 as in U» previoudy-described embodiment, The n.crochh, «*<,*ory *0m 10E 
emlimen. was fabricated using standard photographic. ™*^«<^«« 
bonding techniques. A photon** was &orica«d * 

dkt. plating channd design into the chrome film v» a ^AM -* 
Lion ayaem (Resonetics. Inc.). Tne channel design was then u«M *• 
' ' . . M w,.Kotoreafct The channels were etched in o the tubstrate in a 

15 substrates usuig a positive photoresist. inecnan»e» ^im- was bonded to 

dilute fflTNhJ bath. To form the separafo. channel ME. a coverriate wasbonaeo 
the substrate over the etched channel, using a direct bonding <~ h ^ J^™*™*" 
were hvdroryzed m dilute NrWWHA solution, rinsed in ddontod. filtered H,. joined 
and thenannerfed a, 500-C. Cylindrical glass reservoir, wore rfM oMhc s~ 

20 using R.TV silicone (mad. by Gene™. Electric). PUtinum etectrode, proved e^od 
contact from the voltage controller 46E (Spellman CZE.000R) to the sohmons . the 

MOV0 ™' The channel 26E la in one embodiment 2.7 iron in length from the first 
reservoir 12E to the intersection 40E. wW. the channel 30E is 1.0 mm. and the tturd 

25 channel 32E i. «.7 mn, The sep^ion chalet 34E is reified ,., be c^r 7.0 «» sn 
fa*, due to the addition of a reagent reservoir 22E which tas a reagent channel J6E 
*^ Lnect. to the separation channd 34E a™ 6 tec 44E. T^UK^of^ 
^paration channd 34E is measured Iron, the intersection 40E to the 

56 extending from the mixing tee 44E to the waste reservo" « « the 

,0 reTcoon column or channel, and in the ilh^a.ed embodin^n, *>s channe. „ .0.8 mm m 
lcn«h Tr*lengthofthereageMchannd36Eia 11.6mm. 

length. Theleng ^ ^ _ ^ fc ^ „ ^dimem was used to 
separate an analyte and the separation was monitored or.rrJcro.4up via nuorescenee 
27a, argon ion User (35 U nn, 50mW. Coherent Innc*. 
35 toofescence signal was collected wuh a pho»rnulupRer rube (PMT On* 77340) for 
^detection and . charge coupled device (CCD. Prince,* Insuurnents. Inc 
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TE/CCD-5 12TKM) for imaging a region of the microchip 90. The compounds used for 
testing the apparatus were rhodamroc B (Exciton Chemical Co., Inc.) arginine, glycine, 
threonine and o-phthaldialdehyde (Sigma Chemical Co.) A sodium tetraborate buffer 
(20 mM. pH 9.2) with 2% (vAr) methanol and 0.5% (v/v) p^mercaptoethanol was the 
5 buffer in all tests. The concentrations of the amino acid, OPA and rhodainine B 
solutions were 2mM, 3.7mM, and 50uM, respectively. Several rui conditions were 
utilized. 

The schematic view in Figure 23 demonstrates one exa uple when 1 kV is 
applied to the entire system. With this voltage configuration, the electric field strengths 
10 in the separation channel 34E (E^) and the reaction channel 36E (E„.) are 200 and 425 
V/cm, respectively. This allows the combining of 1 part separation effluent with 1.125 
parts reagent at the mixing tee 44E. An analyte introduction system soch as this, with or 
without post-column reaction, allows a very rapid cycle time for muhiple analyses. 

The electropherograms; (A) and (B) in Figure 2* demonstrate the 
15 separation of two pairs of amino acids. The voltage configurator is the same as in 
Figure 23. except the total applied voltage is 4 kV which corresponds to an electric field 
strength of 800 V/cm in the separation column (E^) and 1.700 V/cm. in the reaction 
column (En.). The injection times were 100 ms for the tests which correspond to 
estimated injection plug lengths of 384, 245. and 225 um for arginine. glycine and 
20 threonine, respectively. The injection volumes of 102. 65, and 60 pL correspond to 200. 
130. and 120 finol injected for arginine. glycine and threonine, respectively. The point of 
detection is 6.5 mm downstream from the mixing tee which gives a total column length 
of 13.5 mm for the separation and reaction. 

The reaction rates of the amino acids with the OPA are moderately fast, 
25 but not fast enough on the time scale of these experiments. An increase in the band 
distortion is observed because the mobilities of the dcrivatized compounds arc different 
from the pure amino acids. Until the reaction is complete, the zones of unreacted and 
reacted amino acid will move at different velocities causing a broadening of the analyte 
zone. As evidenced in Figure 24, glycine has the greatest discrepan jy in electrophoretic 
30 mobilities between the derivatized and un^erivatized amino acid. To ensure that the 
excessive band broadening was not a function of the retention time, threonine was also 
tested. Threonine has a slightly longer retention time than the glycine; however the 
broadening is not as extensive as for glycine. 

To test the efficiency of the microchip in both the separation column and 
35 the reacti n column, a fluorescent laser dye, rhodamine B, wes used as a pr be. 
Efficiency measurements calculated from peak widths at half height were made using the 
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point detection scheme at distances of 6 mm and 8 mm from the injection cross, or 1 mm 
upstream and 1 mm d wnstream from the mixing tee. This provided information on the 
effects of the mixing of the two streams. 

The electric field strengths in the reagent column and the separation 
5 column were approximately equal, and the field strength in the reaction column was 
twice that of the separation column. This configuration of the applied voltages allowed 
an approximately 1:1 volume ratio of derivatizing reagent and effluent from the 
separation column. As the field strengths increased, the degree of turbulence at the 
mixing tee increased. At the separation distance of 6 mm (1mm upstream from the 
10 mixing tee), the plate height as expected as the inverse of the linear velocity of the 
anatyte. At the separation distance of 8 mm (1 mm upstream from the mixing tee), the 
plate height data decreased as expected as the inverse of the velocity of the analyze. At 
the separation distance of 8 mm (1 mm downstream from the mixing teeX the plate 
height data decreases from 140 V/cm to 280 V/cm to 1400 V/cm- This behavior is 
15 abnormal and demonstrates a band broadening phenomena when two streams of equal 
volumes converge. The geometry of the mixing tee was not optimized to minimize this 
band distortion. Above separation field strength of 840 V/cm, the system stabilizes and 
again the plate height decreases with increasing linear velocity. For - 1400 V/cm. 
the ratio of the plate heights at the 8 mm and 6 mm separation lengths is 1.22 which is 
20 not an unacceptable loss in efficiency for the separation. 

The intensity of the fluorescence signal generated from the reaction f 
OPA with an amino add was tested by continuously pumpinj glycine down the 
separation channel to mix with the OPA at the mixing tee. The fluorescence signal from 
the OPA/amino acid reaction was collected using a CCD as the product moved 
25 downstream from the mixing tee. Again, the relative volume rttio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino acids f 
4 s. The average residence times of an analyte molecule in the window of observation arc 
4.68, 2.34, 1.17, and 0.58 s for the electric field strengths in the reaction column (Em) 
of 240, 480. 960. and 1920 V/cm, respectively. The relative intensities of the 
30 fluorescence correspond qualitatively to this 4 s half-time of reunion. As the field 
strength increases in the reaction channel, the slope and maximum of the intensity of the 
fluorescence shifts further downstream because the glycine and OPA are swept away 
from the mixing tee faster with higher field strengths. Ideally, the observed fluorescence 
from the product would have a step function of a response following the mixing of the 
35 separation effluent and derivatizing reagent. However, the kinetics of the reaction and a 
finite rate of mixing dominaied by diffusion prevent this from occur.ing. 
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The separation using the post-separation channel reactor employed a 
gated injection scheme in order to keep the analyte. buffer and regent streams isolated 
as discussed above with respect to Figure 3. For the post-separation channel reactions, 
the microchip was operated in a continuous anaryte loading/scpai-ation mode whereby 
5 the anaryte was continuously pumped from the anaryte reservoir 12E through the 
injection intersection 40E toward the analyte waste reservoir 18E. Buffer was 
simultaneously pumped from the buffer reservoir 16E toward the analyte waste and 
waste reservoirs 18E, 20E to deflect the analyte stream and prevent the analyte from 
migrating down the separation channel. To inject a small aliquot of anaryte, the 
10 potentials at the buffer and analyte waste reservoirs 16E, 18E are simply floated for a 
short period of time (-100 ms) to allow the anaryte to migrate down the separation 
channel as an analyte injection plug. To break off the injection plug, the potentials at the 
buffer and analyte waste reservoirs 16E, I8E are reapplied. 

The use of micromachined post-column reactors can improve the power 
15 of post-separation channel reactions as an analytical tool by minirrizing the volume of 
the extra-channel plumbing, especially between the separation and reagent channels 34E, 
36E. This microchip design (Figure 22) was febricated with modest lengths for the 
separation channel 34E (7 mm) and reagent channel 36E (10.8 mm) which were more 
than sufficient for this demonstration. Longer separation channels can be manufactured 
20 on a similar size microchip using a serpentine path to perform more difficult separations 
as discussed above with respect to Figure 12. To decrease post-mixing tee band 
distortions, the ratio of the channel dimensions between the separation channel 34E and 
reaction channel 56 should be minimized so that the electric field strength in the 
separation channel 34E is large, i.e.. narrow channel, and in the reaction channel 56 is 
25 small, i.e.. wide channel. 

For capillary separation systems, the small detection volumes can limit the 
number of detection schemes that can be used to extract information. Fluorescence 
detection remains one of the most sensitive detection techniques for capillary 
electrophoresis. When incorporating fluorescence detection into a sj-stem that docs not 
30 have naturally fluorescing analytes, derivatizaiion of the analyte must occur either pre- or 
post-separation. When the fluorescent "tag" is short lived or the separation is hindered 
by pre-separation dcrivatization, post-column addition of derivations reagent becomes 
the method of choice. A variety of post-separation reactors have bee* demonstrated for 
capillary electrophoresis. However, the ability to construct a post- separation reactor 
35 with extremely low volume connections to minimize band distortion has been difficult. 
The present invention takes the approach of fabricating a microchip device for 
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elcctrophcrttic separations «tft an integrated post-separation I** . 

single LnoBthic devic enabUng extreme* low volume exchanges between and.v,dual 
channel functions. 

th. microchip laboratory «ys>em 10F — in FigureM include, a P~-P"*£ 
Lnel react- Hie pie-.epar.uon ctannd r«c,or design .how. -f^**"™* 
*ow» i" Rgur« 1. — * ** «« M «d «™d "^""^ 
,0 ^oal-pos." design with the reaction chamber 42F rather than the ^T" desgn of 
rtLreT The Lion chamber 4» wa, designed to be wider than the «parauon 
34F » £ lower eiecuicWd^b. in the region chamber and thus longer 

the reagent, ^^^^ZZZZZZ 
62 p. deep, end .he separation channel 34F U 3 1 p, w.d. at helf-dep* and 6.2 »m 

" ^ The microchip laboratory system 10F was mad to perform on-line pre- 

.-rata channel reactions coupled whh ,l«*rophoretic „a*» * * r— 

7_ „.„ „.„„ is operated continuously with small aliquot, introduced 

product.. Here, the react* •» <*«™"V ^.o^ed above 

^^ir^Top^ono rT^ *• 
^ T^ T^ZZ* o-ph^dchyde <OPA, rn^n of U» samp* 
oTr^aration column, and the ser-uon, detection of the component ^oMh. 
° , _ * The co—ounds used for the experiment* were wginine (CMS mM). 
fT^lt^m mM • Sisnu Chemical Co.) The buffer in aD of the 
„ ^ l^^trabo^e^ <Wv> methanol and 0,V. (v., . 
ZZ£Z* 2.mercp,octhano,U added ,o*e buffer as a reduce .gen, for the 

fc ^ fc ^ 12F , l4F , .OT «F. ^ 
l-uh.neou.lY aver, controlled voltage, of S HV. 5HV.HV. .2 HV. and ground. 
^ Tl^ coZ".'.- ^wed the lowest potential drop across the reaction 
30 respecuvdy Tta. "^B*** .ni.Wup) and highest across the 

000 «I * J" W appUed u. the mierochip) without 

mjecuon w ^ . noo N in with lOMfldrvisiors. The analyte from 

th e first reservoir 12F and the reagent from the second rescrv 
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dectroosmotically pumped into the reaction chamber 42F with a volumetric ratio f 
1:1.06. Therefore, the soluti ns fiom the analyte and reagent reseivoirs 12F, 14F are 
diluted by a factor of - 2. Buffer was simultaneously pumped by ciectroosmosis from 
the buffer reservoir 167 toward the analyte waste and waste reservoirs 18F, 20F. This 
buffer stream prevents the newly formed product from Weeding uto the separation 
channel 34F. 

Preferably, a gated injection scheme, described above with respect to 
Figure 3, is used to inject effluent from the reaction chamber 42F into the separation 
channel 34F. The potential at the buffer reservoir 16F is simply floated for a brief period 
of time (0 .1 to 1.0 s), and sample migrates into the separation channel 34F. To break off 
the injection plug, the potential at the buffer reservoir 16F is reapplied. The length of 
the injection plug is a function of both the time of the injection and the electric field 
strength. With this configuration of applied potentials, the reaction of the amin acids 
with the OPA continuously generates fresh product to be analyzed. 
1S A significant shortcoming of many capillary electrop ioresis experiments 

h^beenthepoorreprod^Viliryofmeinjeaions. Here, because the microchip injection 
process is computer controlled, and the injection process involves the opening of a single 
high voltage switch, the injections can be accurately timed events. Figure 26 shows the 
reproducibility of the amount injected (percent relative standard deviation. % rsd, for the 
20 integrated areas of the peaks) for both arginine aiul glyc^ at mjectton fidd strengths f 
0 6 and 1 2 kV/cm and injection times ranging from 0.1 to 1.0 s. For injection tunes 
greater than 0.3 s, the percent relative standard deviation is below 1.8%. This is 
comparable to reported values for commercial, automated capil'ary electrophoresis 
instruments. However, injections made on the microchip are « 100 times smaller m 
volumceg lOOpL on the inicrocWp versus 10 n^ Partof 
this fluctuation is due to the stability of the laser which is - 0.6 %. For injection times > 
0.3 s, the error appears to be independent of the compound injected and the injection 

field strength. . 

Figure 27 shows the overlay of three electropho ne separati ns of 

arginine and glycine after on-microchip pre-column derivation with OPA with a 

separation field strength of 1.8 kV/cm and a separation length of 10 mm. The separati n 

field strength is the electric field strength in the separation channel 34F during the 

separation. The field strength in the reaction chamber 42F is 150 V/cm. The reaction 

times for the analytes is inversely related to their mobilities. e.g.. for arginine the reaction 

35 time is 4.1 s and for glycine the reaction time is 8.9 s. The volumes of the injected plugs 

were 150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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^ ^^ vl ^Ttd ,3.3 rrrf/CkV*) for »d glycine. 

5 strenph. The .lops J w oblerved „ tadic^ * the fineanty of 

respectively. N ° "ITTltaeer fit produced correla.ion coefficients of 

th. velocity versus field strength data A Imear fit pre ^ 0 .1 ,c 2.0 

0.999 for arginine and 0.996 for glycine for separatum field strength. 

0 ^ W«h increaang potent WW to the "^j^,^ 

ThU lead, to .horter resdence tuw. *™ „„iied to the «icrochip, the 

times for the J^^^I^ti: ^ ^ 
reaction kinetic car, be stucued. The vanatton iM __ Kd „«, „f tf* peak 

IS reaeuon time is plotted in Figure*. The ^ LT^eJ^ 

of the product The offset between the data ™ dectrophoretic 
is doe primarily to th. difference - * .«-» * ^ to ^ pscudc- 
•Wtakrtt. — - *■ A ten-fold ^^^^ , 
30 firs, order reacUon coitions. ^^'J**"!^ ^arguine *" *' 
^nucs of .he derivation reaeuon The dopes « ' s. .«pccuvdy. These 

fc , g.ycine corresponding .o Hajf-Urnes of ~ ^ TelanL. We 
half-time, of reaction are comparable » the 4 . prevKuoly repo 
have found no previous* reported da* for arginine <*&°°* fabricated 
These result, show the polenta! power of Integra ed _m«ro 

automation, speed and volume for chemical reacts 

30 

UNA A"i*frM . , .. rtlftoieft i analysis procedure, a restriction 

To demonstrate a useful biological analysis p 

*- - r^ssrsrers rut 

integrated biochemical reactor/dectropiio ^ ^ Oratory sysiem 
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fellow. . aerpenune path The sequence for pl»nud P BR322 wc the reckon 
rfte enzj^. Wnf I tre known. After digest** daennhv* n of «■ 
perform by sep-ing the -» 

experiments, hydroxyelhyl cellulose b used as the sieving mestatn. * * ^ 
lie ^aratio. channel 340. .nigrrfng *»*nent. « .nterrog«ed 
0 „X taer indu J fluorescence whh an in.crcu.ing eye. *-» or»g« doner 

croro.). a, ~^^ r 420 ^ ^ ^ MO — in r r 

2, are > and .7 mn, long, respectively, roving . width a. fatfdtph * "J-"* ' 
LI of 12 um in addition, the channel watts are coned v*th poly.crylan»d. to 

Hicctrophero^.-eS^^ 

sinde point detection laser induced fluoresced detection. An argon «m User (10 mW) 
o t ^t o*o the chip u^ . ler, (100 r»n fecal .eng*) The Suc^enc, 
^elected usbg . 2U objective ten, (N.A. = 0.42), fbttowed by 
(oT».Hn«.r pinhole) and spectral fdtering (560 nm bandp«, 40 _ Wwtdd* 
and Zured usi^g a photomuHipBer rube (PNTf). The ~ 
switching apparatus are computer controlled. The reacuon buffets 10 mM Tns-ace.^ 
rntZa^dum^^SOnWpo^un.nce^ The re«uo„ buffer B pUced 
, L rorXen^ne and waste 1 reservoirs 12a 14G. 110 shown . Ftgure 29. The 

SLlse The separation buffer is placed in the buffer and wast. 2 .eservotr. 6T. 20R 
rte^LntrTn. of the plasm* pBW22 nod enayne Hinf . « ^ and 4 
units/pl. respectively. The digestion, end *P*rati°« « f*—* 
5 temperature^.^ ^ ^ ^ ^pb^ucaHy ft** into the reaction 
d^nto 420 trot, theu respective reservoir. 120. 14G by .rP««auon «rf ^ 
TTZl no.ential. The relative potentials a. the DNA (12G). enzyme (140). buffer 
n^ UUO)^ waste 2%G) rcs«voirs are .0*. .0% 0. 30%. and .0^ 
,0 rTccJ^ Due to the etoropboretic mobility difference, between the DNA and 
,0 ^.^^rts^to* to reach equilibrium. Also, due to 

^Z^Z uTlion chan*., 420. 0, nL. rapid ^ ^ -~ 
^ Xtroosmotio flow U nunimoed by the covalen, hnmob.hza.on of U„«» 
^ryUmlda. thus only anion, migra* from the DNA and 
J5 0 1 the rcacuo. cumber 420 with the ootenda. — ™^ 

buffer which contains anions, required for the eneyaiatte d-gesnons. Ms/ . « »h» 
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piaced in the wast. 1 reservoir ISO This enables the cation., mw^ * *• 
SI„ chamber counurcurrem .. U>« DNA and «zym. *nng ft. U»A»g f£ 
^chamber. The digestion is performed sudcaDy by remcvutg all cectned 
^ rfXdmg the reaction charter 420 due * the reUtiveW shor, trans* tune 

i of the DNA through the reaction chamber. _ 

Following the digestion period, the products are migrated mto the 
separation channel 34F for analysis by floating the voltage, to thebu^r 

~~ ifiP 18F The iniection has a mobility bias where the smaUer fragments are 

, £ ,h« 75- base pair (bp) fragment U es^ed „ be 0,4 £~ * £ ^ 

fragment only 0.22 mm. These plug length, correspond lo 34% and * A «™"™ 

c^votrr^respecUve.y The entire ~ of .He reaction 

beTnatyzed under current separation c^diUons to* W ° f "» 

plug length to the plate heigh! would °« overwhelming 
, Following digestion and injection onto the separator, channel 34F. *e 

feints are resolved using 1.0% (Wv) hydroxyethyl cellulose as the sievmg rnedarnv 

cCophe^ of the resuic^n 'Tsgmots of ti^asrmd 

ZiTZ Mowing . 2 nun digestion by the enzyme Hinf I. To embte effiaem . 

Sr^fth. doub.e.-randed DNA after «^««^ £~ 
„ the u— °~ ™™ ^ ^^^^^ 

Z£L The unresolved 220/221 and 507/5 11 -bp fragmentt havtng 
r^iaccn, single fragment pea. due to Z^^Z 
25 migration times and injection volumes are 0.55 and 3.1 A relat-w standaro 
(%rsd). respectively, for 5 repine anaryses. , 10O „„, 

This demonstration of a microchip laboratory systcri ivu y 
pUsmid DNA restriction fragment analysis indices the possMUv 
ZZ** more sophisticated bmehemica, procedures J^^^ZZ 
u mt«crrated inicrochip chemical analysis device demonstratett to 

f Tr ^ l^Teta. and arJyzes *• products «** <™*° m ^ 

35 Pr0M<1W ,„ general, the present invention can be used to rr« different fluids 
M cont-ned in difLn, ports r reservoir,. This could be used for . 
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„ , nmIlhv KDm£on experiment followed by post-col.nnn labeling reaction, in 

^TdMem* .toes to be rr^ed m r^ and known concern™*.. To execute 
^.^Tlc^y to accurate* conurf and — ^ in the vanous 



channels. 



,„ in Figure! v^^Huke .dvm«e of this nove. nixing .cheme- Particular features 
' S tottSreten, poru represent so.vent reservoirs. 

be used ibr a liquid cbrc^o^ — «^ ^ «^ 

chanMb 26 end 28 connecting the andyta and solvent reserved 12 and '« - *• 
"""don channel, ,.«.. where the liquid chromntognphy expenmen. would 

^ .1 aTused to make Bn injection ten the liquid chroma.ogn.phy or 

20 ^Z l^TJT^ above. B»a%. mervoi, 22 nod it. ctannd 36 
rTtoTt -on chan*. 3< a, u,«d » add a = — «• 

pronto render the^ 

To execute this process, it is necessary to accunue y 
25 The ernbod^^^^oo^ 

— vohune, of sohition (MO, >» = »- 
^ ^TT— £. I: Zl* to .other. 
30 labeling reactions requires that streams of solut.cn. be owed m nrec, 

concentrator,. mixing of various solvents in known proportions can be d • 

• .:~ i«. «.nt,olline ootentials which ultimately control 
according to the present uwenuon by « uol mg pwen 

Cecuoosmotic flow, as tested » eouanon 1. ^« " rf ^ ^ fc 
« fidrf strength needs to be known to determine the linear velocity in uw 
M ^ inC OT « of nuidic manipulations , known potential cr volta E e ■ a PP „ed to 
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a given reservoir. The fidd strength can be calculated from the applied voltage and the 
characteristics of the channel. In addition, the resistance or condurtance of the fluid in 
the channels must also be known. 

The resistance of a channel is given by equation 2 where R is the 
5 resistance, k is the resistivity, Lis the length of the channel, and A is the cross-sectional 
area. 

10 Fluids are usually characterized by conductance which is just the 

reciprocal of the resistance as shown in equation 3. In equation 3, K is the electrical 
conductance, p is the conductivity, A is the cross-sectional area* and L is the length as 
above. 

15 * -a, a) 



Using ohms law and equations 2 and 3 we can write the field strength in a 
given channel, i. in terms of the voltage drop across that channel divided by its length 
which is equal to the current, * through channel i times the resisiivity of that channel 
divided by the cross-sectional area as shown in equation 4. 



20 



t* *i 



Thus, if the channel is both dimensionalry and electrically characterized, 
the voltage drop across the channel or the current through the channel can be used to 
determine the solvent velocity or flow rate through that chanr.el as, expressed in 
25 equation 5. It is also noted that fluid flow depends on the zeta potential of the surface 
and thus on the chemical make-ups of the fluid and surface. 

V| « Ij gc Flow 
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Obviously the conductivity, x, or the resistivity, p, will depend upon the 
characteristics of the solution which could vary from channel to enamel. In many CE 
applications the characteristics of the buffer will dominate the electrical characteristics of 
the fluid, and thus the conductance will be constant. In the case f liquid 

5 chromatography where solvent programming is performed, the electrical characteristics 
of the two mobile phases could differ considerably if a buffer is not used. During a 
solvent programming run where the mole fraction of the mixture is changing, the 
conductivity of the mixture may change in a nonlinear fashion but h will change 
monotonically from the conductivity of the one neat solvent to the other. The actual 

10 variation of the conductance with mole fraction depends on the dissociation constant f 
the solvent in addition to the conductivity of the individual ions. 

As described above, the device shown schematically in Figure 3 1 could be 
used for performing gradient elution liquid chromatography with post-cohimn labeling 
for detection purposes, for example. Figure 31(a), 31(b), and 31(c) show the fluid flow 

IS requirements for carrying out the tasks involved in a liquid chromatography experiment 
as mentioned above. The arrows in the figures show the direction and relative 
magnitude of the flow in the channels. In Figure 31(a), a volume of analyte from the 
analyte reservoir 16 is loaded into the separation intersection 40. To execute a pinched 
injection h is necessary to transport the sample from the analyte reservoir 16 across the 

20 intersection to the analyte waste reservoir 18. In addition, to confine the lanatyte 
volume, material from the separation channel 34 and the solvent itservoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the initial conditions for a 
gradient elution experiment. At the beginning of the gradient elution experiment, it is 

25 desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
channel 34. To prevent such reagent flow, a small flow of buffer from the waste 
reservoir 20 directed toward the reagent channel 36 is desirable and this flow should be 
as near to zero as possible. After a representative analyte volume is presented at the 
injection intersection 40, the separation can proceed. 

30 in Figure 31(b), the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down lite separation channel 
34. In addition, the solvents flow towards reservoirs 4 and 5 to make a clean injection f 
the analyte into the separation channel 34. Appropriate flow of reajent from the reagent 
reservoir 22 is also directed towards the separation channel. The initial condition as 

35 shown in Figure 3 1 (b) is with a large mole fraction of solvent 1 and a small mole fraction 
f solvent 2. The voltages applied to the solvent reservoirs 12, 14 are changed as a 
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monocle charge in .poBed votag. dta *« »*~ dutio. ^chn^o^r 
experiment As the isotaed component, P a» the n»ge« nddraon channel 34 

form a detectable species, a 
Figure 32 shows how the voltages to the various reservoirs are changed 
for a hypothetical gradient ehrtion experiment. The voltages shown in this diagram only 
indicate relative magnitudes and not absolute voltages. In the loading mode f 

0 open^^y^^^^^'^^^ Sol^t flow from all 
reservoirs except the reagent reservoir 22 is towards the analyte waste reservoir 18 
Thus, the analyte reservoir 18 is at the lowest potential and all the other reservoirs are at 
higher potential. The potential at the reagent reservoir should be sufi*ientry bciow th* 
ofOie waste reservoir 20 to provide only a slight flow towards the reagent reservoir. 

15 Tbe voltage at me second solvent r^^^ 

to provide a net flow towards the injection intersection 40. but the flow should be a low 

magnitude. ^ (start) modc depictc0 in Figure 3 1(b). the potentials 

are readjusted as indicated in Figure 32. The flow now is such that tlx solvent from the 

20 solvents reservoirs 12 and 14 is moving down the separation channel 34 toWs the 
W aste reservoir 20. There is also a slight flow of solvent away from the m^on 
intersection 40 towards the analyte and analyte waste reservoirs 16 and 18 and an 
appropriate flow of reagent from the reagent reservoir 22 into the 
Z waste reservoir 20 now needs to be at the minimum potential and the first solvent 

25 reservoir 12 at the maximum potential. All other potentials are adjusted to provide the 
fluid flow directions and magnitudes as indicated in Figure 31(bV Also, as shown* 
F.gure32, the voltages applied to the solvent reservoirs 12 and 14 are monotonia** 
Zl« to move from the conditions of a large mole fraction of solvent 1 to a large 

mole fraction of solvent 2. . 
,„ At the end of the solvent programming tun, the device t» now ready to 

switch back to .he inject condition .o load ano.her sample Th< voltage variations 

inF.gur. 32 .re o„>y to be ta*. of what .night be do» » prov.de 
v^, lid flow, in Fign^. 3K.m * « — experiment «>mc » the vanou. 
v ltages may well differ in relative magnitude. 
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While advantageous embodiments have been chosen to illustrate the 
invention, it will be understood by those skilled in the art that various changes ami 
modifications can be made therein without departing from the scope of the invention as 
defined in the appended claims. 
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Claims 



1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith/ such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid, 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. The system of claim 9, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

11. The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 1 1 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21 . The system of claim 19 wherein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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